NK cell function in cancer patients is severely impaired, but the mechanism underlying this impairment is not clearly understood. In this study we show evidence that TGF-␤1 secreted by tumors is responsible for the poor NK lytic activity via down-regulating an NK-activating receptor, NKG2D. The plasma level of TGF-␤1 in human lung cancer or colorectal cancer patients was elevated compared with that in normal volunteers, and this elevation was inversely correlated with surface expression of NKG2D on NK cells in these patients. Incubation of NK cells with plasma obtained from cancer patients specifically down-modulated surface NKG2D expression, whereas addition of neutralizing anti-TGF-␤1 mAbs completely restored surface NKG2D expression. Likewise, incubation of NK cells and lymphokine-activated killer cells with TGF-␤1 resulted in dramatic reduction of surface NKG2D expression associated with impaired NK cytotoxicity. Modulation of NKG2D by TGF-␤1 was specific, as expression of other NK receptors, CD94/NKG2A, CD44, CD16, 2B4, or CD56, was not affected by TGF-␤1. Impaired NK cytotoxicity by TGF-␤1 was not due to alteration of lytic moieties, such as perforin or Fas, or apoptotic pathway, but, rather, appeared to be due to lack of NKG2D expression. Taken (1, 2). NK cell activity is regulated by functionally opposing receptors, inhibitory receptors that bind class I MHC molecules and activating receptors that bind ligands on tumors and/or virus-infected cells. In the resting state, the function of activating receptors is inhibited due to ligation of inhibitory receptors with MHC class I molecules. Loss of MHC class I molecules due to infection or tumor formation relieves this inhibition and thus confers NK activation. In humans, inhibitory receptors include killer Ig-like receptor 2DL, killer Iglike receptor 3DL1, and CD94/NKG2A (3, 4), whereas activating receptors include natural cytotoxicity receptors NKp30, NKp44, and NKp46 and a recently characterized lectin-like molecule, NKG2D (5, 6).
N atural killer cells mediate lysis of tumor cells as well as pathogen-infected cells (1, 2) . NK cell activity is regulated by functionally opposing receptors, inhibitory receptors that bind class I MHC molecules and activating receptors that bind ligands on tumors and/or virus-infected cells. In the resting state, the function of activating receptors is inhibited due to ligation of inhibitory receptors with MHC class I molecules. Loss of MHC class I molecules due to infection or tumor formation relieves this inhibition and thus confers NK activation. In humans, inhibitory receptors include killer Ig-like receptor 2DL, killer Iglike receptor 3DL1, and CD94/NKG2A (3, 4) , whereas activating receptors include natural cytotoxicity receptors NKp30, NKp44, and NKp46 and a recently characterized lectin-like molecule, NKG2D (5, 6) .
NKG2D is expressed on NK cells, CD8 ␣␤ T cells, and ␥␦ T cells. Ligands of NKG2D, MHC class I chain-related molecules (MIC) A and MICB in humans and the Rae1 and H60 families in mice (7) (8) (9) , are not detected on normal cells, but are induced upon physical stress or tumor formation (10, 11) . Up-regulation of MICA/B and Rae1 in tumor cells suggests that NKG2D may play a critical role in regulating tumor development and growth. Indeed, tumor cells expressing Rae1 or H60 were shown to be efficiently lysed in vitro and completely rejected by syngeneic mice (12, 13) .
However, despite the presence of MIC ligands on many progressing tumors, including breast, lung, gastric, renal, colon, and ovarian carcinomas (14) , these tumors still grow, suggesting that the MIC/NKG2D signaling is functionally impaired.
TGF-␤1 is a potent immunosuppressive molecule produced by many cancer cells. TGF-␤1 has been shown to stimulate tumor growth while inhibiting expansion, cytotoxicity, and cytokine production of purified NK cells and IL-2-or IL-12-activated killer cells in vitro (15) (16) (17) (18) . Consistent with this, TGF-␤1 has been reported to suppress NK activity in a mouse model (19, 20) . In patients with lung or colorectal cancer, the plasma concentration of TGF-␤1 was found to be elevated, which correlated with the degree of tumor progression (21) (22) (23) . As impaired NK activity was widely observed in advanced cancer patients (24 -26), we hypothesize that TGF-␤1 produced in cancer patients may affect the expression and function of NK receptors involved in the lysis of tumor cells. We now provide evidence that TGF-␤1 present in plasma of advanced cancer patients can modulate NK responses by down-regulating NKG2D expression.
Materials and Methods

Preparation of human PBL and NK cells
Human PBMCs were derived from 36 cancer patients (27 lung cancer and nine colorectal cancer). Tumors were diagnosed by histopathological criteria. Normal PBMCs were obtained from random 20 healthy volunteers. These activities were approved by institutional review boards, and all subjects gave written informed consent. PBMCs were isolated by FicollHypaque density gradient centrifugation (Pharmacia Biotech, Uppsala, Sweden). After removing plastic adherent monocytes, PBLs were collected, and NK cells were isolated via negative selection. Briefly, PBLs were incubated with anti-CD3 and anti-CD20 mAbs for 30 min at 4°C, and subsequently incubated with goat anti-mouse IgG-coated Dynabeads (Dynal Biotech, Oslo, Norway) for 30 min at 4°C. After immunomagnetic depletion, CD3 Ϫ CD20 Ϫ CD56 ϩ cells (Ͼ95%, confirmed by FACS analysis) were used directly or were cultured in the presence of rIL-2 or rIL-15 to obtain activated NK cell populations.
were purchased from Ancell (Bayport, MN). Human rIL-2, rIL-15, and rTGF-␤1 and anti-NKG2D and anti-TGF-␤1 mAb were purchased from R&D Systems (Minneapolis, MN).
Cell cultures
Purified NK cells and PBLs were cultured in RPMI 1640 containing 10% FBS. Where indicated, cells were cultured in the presence of various concentrations of cytokines or TGF-␤1 for 1-3 days. Cells were harvested and stained with appropriate Abs for FACS. To generate the active form of TGF-␤1, TGF-␤1 was dissolved in 4 mM HCl containing 1 mg/ml BSA and was further diluted with RPMI 1640 before addition into NK cells. The final concentration of HCl had no effect on NK cell function. The human T lymphoblast CEM cell line, used as a target in the cytotoxicity assay, was maintained in RPMI 1640 containing 10% FBS.
Cytotoxicity assay
Cytotoxicity mediated by NK cells was determined by a 51 Cr release assay. Target cells (CEM) were labeled with 100 Ci of Na 2 51 CrO 4 (1 mCi; NEN, Boston, MA) for 1 h at 37°C, washed three times, and adjusted to 1 ϫ 10 5 cells/ml. Serially diluted PBLs or purified NK cells were mixed with 51 Crlabeled CEM cells at various E:T cell ratios and incubated for 4 h at 37°C. Supernatants were harvested, and 51 Cr released was measured using a gamma counter. Spontaneous release, always Ͻ10% of maximal release for CEM, was measured after incubation of target cells with medium only. Maximal release was determined in wells containing target cells only after addition of 5% Triton X-100. The percentage of specific lysis was determined as follows: 100 ϫ (experimental release Ϫ spontaneous release)/ (maximum release Ϫ spontaneous release). 
Flow cytometry and apoptosis assay
Plasma preparation and ELISA
For detection of plasma cytokines, blood samples were taken from each individual, immediately transferred to tubes containing EDTA, and centrifuged for 30 min at 1500 ϫ g at 4°C. The resulting plasma was transferred to polypropylene microtubes and stored at Ϫ80°C. Samples were thawed at room temperature at the time of cytokine measurement. For measurement of the total TGF-␤1 concentration, 0.1 ml of 2.5 N acetic acid/10 M urea was added to 0.1 ml of plasma, followed by mixing to activate the TGF-␤1 at room temperature. After 10 min, the resulting plasma was neutralized with 0.1 ml of 2.7 N NaOH/1 M HEPES and diluted before analysis. Concentrations of IL-4, IL-10, or TGF-␤1 were determined by ELISA using commercially available Ab pairs and recombinant standards (R&D Systems). The lower detection limits of these cytokines were as follows: IL-4, Ͻ30 pg/ml; IL-10, Ͻ30 pg/ml; and TGF-␤1, Ͻ30 pg/ml.
Statistics
Statistical analysis was conducted using Student's t test. The correlation between groups was evaluated by Pearson's correlation coefficient (r). Statistical significance was accepted at p Ͻ 0.05.
Results
Elevated plasma TGF-␤1 concentrations and decreased NKG2D surface expression on NK cells in patients with lung or colorectal cancers
To determine whether there is any correlation between the level of plasma TGF-␤1 and NKG2D surface expression on NK cells, we obtained blood samples from 37 cancer patients (28 lung cancer and nine colorectal cancer) and measured the levels of TGF-␤1 and NKG2D by ELISA and FACS, respectively. In line with previous reports (21) (22) (23) , cancer patients showed elevated levels of TGF-␤1 compared with healthy volunteers (Fig. 1A ; n ϭ 20; p Ͻ 0.01). In contrast, surface NKG2D expression on CD3 Ϫ CD56 ϩ NK cells in these cancer patients was reduced (Fig. 1B, top panel) . Interestingly, reduction of surface NKG2D level was variable among patients (Fig. 1B, bottom panel) , presumably reflecting the distinct status of tumor progression in individual patients. To determine whether the variable level of NKG2D down-regulation FIGURE 1. Correlation between the level of plasma TGF-␤1 and NKG2D expression on human NK cells prepared from cancer patients. A, Plasma concentrations of total TGF-␤1 in cancer patients (lung cancer, n ϭ 28; colorectal cancer, n ϭ 9) and normal volunteers (n ϭ 20) were measured by ELISA. B, Surface expression of NKG2D was analyzed by threecolor flow cytometry on CD3 Ϫ CD56 ϩ NK cells from cancer patients (n ϭ 37) and normal volunteers (n ϭ 20). Dot plots showing surface NKG2D obtained from two cancer patients (shown as samples in the plot below) and two normal volunteers (not shown below) were made to visually detect MFI changes in cancer patients. There was individual variation in the MFI level of surface NKG2D expression; nevertheless, these two samples represent the MFI from the major population in each group. Below, the correlation between plasma TGF-␤1 and NKG2D expression level in cancer patients was determined by Pearson's correlation coefficient (r), and the associated probability (p) were calculated for each combination.
was associated with different levels of plasma TGF-␤1 in these patients, statistical analysis was performed. As shown in Fig. 1B , an inversely linear relationship exists between plasma TGF-␤1 and the level of NKG2D on NK cells (r ϭ Ϫ0.322). These data suggest that the systemic impairment of NKG2D expression may be linked to the aberrant secretion of TGF-␤1 in these cancer patients.
TGF-␤1 present in plasma of cancer patients is responsible for down-regulation of NKG2D
To investigate if TGF-␤1 present in plasma of cancer patients was responsible for down-modulation of NKG2D, we incubated freshly isolated NK cells obtained from healthy volunteers with plasma obtained from cancer patients. As shown in Fig. 2A , incubation of NK cells with plasma containing high levels of TGF-␤1 obtained from cancer patients significantly inhibited surface NKG2D expression (compare lane 1 vs lane 2) . Neutralizing TGF-␤1 by adding anti-TGF-␤1 mAbs to the culture restored the level of surface NKG2D (lane 3), indicating that TGF-␤1 present in plasma was responsible for a reduction in NKG2D expression. Neutralizing other cytokines, IL-4 or IL-10, did not prevent down-modulation of NKG2D (lanes 4 and 5), suggesting that down-modulation of NKG2D was specific to TGF-␤1. In contrast, incubation of NK cells with plasma obtained from healthy volunteers did not modulate surface NKG2D level (Fig. 2B) . Furthermore, neither anti-TGF-␤1 mAbs nor anti-IL-4 or anti-IL-10 mAbs affected surface expression of NKG2D when cells were incubated with normal plasma (Fig. 2B) . Together, our data strongly suggest that secretion of TGF-␤1 in cancer patients can down-modulate NKG2D expression on NK cells.
Effect of TGF-␤1 on the NKG2D expression of freshly isolated or lymphokine-activated human NK cells
Human NK cells express NKG2D in the resting state, and the level of NKG2D is up-regulated upon activation (27) . To further confirm that TGF-␤1 mediates down-regulation of NKG2D on resting NK cells, we cultured purified NK cells with various doses of TGF-␤1 and analyzed NKG2D expression by FACS. As shown in Fig. 3 (left panel) , addition of TGF-␤1 reduced surface NKG2D expression in a dose-dependent manner. Down-modulation of NKG2D was evident at 0.1 g/ml TGF-␤1 and reached a maximal level at 5 ng/ml TGF-␤1. Increasing the TGF-␤1 concentration up to 20 ng/ml did not further inhibit NKG2D expression (data not shown). To determine whether TGF-␤1 can also affect the upregulation of NKG2D upon activation, NK cells were cultured with either IL-2 (100 U/ml) or IL-15 (100 ng/ml) for 2 days to generate lymphokine-activated NK cells. As shown in Fig. 3 , IL-2 (middle panel) and IL-15 (right panel) significantly up-regulated surface NKG2D; however, addition of TGF-␤1 dose-dependently reduced the level of surface NKG2D. These data demonstrate that TGF-␤1 can down-regulate surface NKG2D expression on resting NK cells and inhibit up-regulation of NKG2D upon IL-2 or IL-15 stimulation. In contrast, TGF-␤1 did not alter the level of other NK receptors, including MHC class I-specific inhibitory receptors, CD94/NKG2A, or the activation/memory marker, CD44 (Fig. 4) . Similarly, surface expression of other activating receptors, CD16, 2B4, and CD56, was not affected by treatment with TGF-␤1 (data not shown). These data suggest that TGF-␤1 specifically downmodulates NKG2D without affecting other NK receptors.
Effect of TGF-␤1 on NK cytotoxicity
We next examined whether TGF-␤1-treated NK cells showed impaired cytotoxicity. CEM cells were chosen as a target because they can be lysed through a NKG2D-sensitive pathway (28) . Treatment of freshly isolated NK cells with TGF-␤1 suppressed NKdependent lysis of CEM cells as shown in Fig. 5 . The basal level of lysis against CEM targets in freshly isolated NK cells (Fig. 5,   FIGURE 2 . Incubation of NK cells with plasma obtained from cancer patients inhibits surface NKG2D expression in a TGF-␤1-dependent manner. Purified NK cells were cultured with 100 U/ml IL-2 in the presence of a 1/5 dilution of plasma from a cancer patient (A) or a normal volunteer (B). Cells were harvested after 24 h and stained with anti-NKG2D mAb. Singlecolor flow cytometry was performed, and results are presented as the fold change in MFI. For neutralization experiments, 10 g/ml mAb against TGF-␤1, IL-4, or IL-10 was added to the culture. (Fig. 3) . Treatment of either resting or activated NK cells with TGF-␤1 dose-dependently suppressed cytotoxicity against CEM targets. Maximal inhibition of lysis was observed at 5 ng/ml TGF-␤1, similar to the concentration required for NKG2D down-regulation (Fig. 3) .
We next investigated whether down-regulation of NK cytotoxicity by TGF-␤1 was associated with alteration of lytic moieties or the apoptotic pathway, such as perforin or Fas ligand. As shown in Fig. 6 , the level of neither perforin nor Fas ligand was altered by treatment with TGF-␤1 in resting or IL-2/IL-15-activated NK cells. Furthermore, TGF-␤1 did not appear to induce apoptosis, as the levels of annexin V and PI in TGF-␤1-treated cells was comparable to that in untreated cells. Taken together, these results demonstrate that TGF-␤1 suppresses NK cytotoxicity mainly through down-modulation of NKG2D, without affecting the lytic or apoptotic pathway.
Discussion
Impaired NK cell responses in advanced cancer patients have been widely observed (24 -26) , but the molecular mechanism underlying this impairment is still not completely understood. In this study we provide evidence that TGF-␤1 secreted by tumors in both lung and colorectal cancer patients can suppress NK lytic activity by down-modulating an NK-activating receptor, NKG2D. Incubation of freshly isolated NK cells with TGF-␤1-containing plasma obtained from the cancer patients significantly inhibited the surface expression of NKG2D, whereas addition of blocking anti-TGF-␤1 mAbs completely restored surface NKG2D to normal levels. Consistent with this, the level of plasma TGF-␤1 was inversely correlated with the level of NKG2D down-regulation; thus, more progressed cancer patients secreted higher levels of TGF-␤1 and showed more profound down-regulation of NKG2D.
Tumors can produce various immunosuppressive molecules, including TGF-␤1, IL-4, IL-10, and PGE 2 (29, 30) . TGF-␤1 is secreted by tumors of different histotypes, including melanomas, neuroblastomas, carcinomas, and leukemias, and can allow escape from immune surveillance by inhibiting T and NK cell function (15-20, 31) . It was hypothesized that TGF-␤1-mediated suppression of cytotoxic T cell activity was partially mediated by upregulation of inhibitory receptors, CD94/NKG2A (32) . However, our data from NK cells show that TGF-␤1 does not affect the expression of CD94/NKG2A. Instead, TGF-␤1 reduces the surface expression of an activating receptor, NKG2D. Therefore, it appears that NK cells respond to TGF-␤1 differently from T cells. While preparing this study, Castriconi et al. (33) reported that TGF-␤1 can down-modulate surface expression of NK-activating receptors, NKp30 and NKG2D. Down-modulation of NKp30 was directly associated with reduced NK killing of immature dendritic cells. Although it was proposed that down-modulation of NKG2D might reflect the poor NK cytotoxicity against tumor targets in their study, no direct evidence was provided. Our data shown in this study confirm their in vitro finding and further extended this to the in vivo situation by showing that TGF-␤1 present in human cancer patients mediates NKG2D down-modulation of NK cells and, in turn, is responsible for poor NK cytotoxicity.
Ligands of human NKG2D, MICA/B, become expressed when cells receive physical stress or undergo transformation due to genetic changes (10, 11) . Upon binding to its ligand, NKG2D stimulates the cell's lytic pathway, resulting in lysis of altered/transformed cells. NKG2D engagement was also shown to induce the proliferation of NK cells and the secretion of cytokines and chemokines, including IFN-␥, GM-CSF, TNF-␣, macrophage inflammatory protein-␣ and -␤, and I-309 (9, 27) . NKG2D transduces its activating signals through coassociated adaptor molecules, DNAX-activating protein, (DAP) 12, and DAP10. In murine NK cells, association with DAP12 recruits and activates SYK and ZAP70 tyrosine kinases, whereas association with DAP10 recruits FIGURE 4. TGF-␤1 does not affect surface expression of CD94/ NKG2A or CD44 on IL-2-activated human NK cells. Purified NK cells were cultured with 100 U/ml IL-2 in the presence or the absence of 5 ng/ml TGF-␤1. Cells were harvested after 2 days and were stained with specific mAbs for each NK receptor. Single-color flow cytometry was performed (x-axis, log 10 fluorescent intensity; y-axis, cell count). Solid and dotted lines indicate staining with anti-CD94, anti-NKG2A or anti-CD44 mAb and their isotype-matched controls, respectively. FIGURE 5. TGF-␤1 inhibits the cytotoxicity of freshly isolated or lymphokine-activated human NK cells. Purified NK cells were cultured in the presence or the absence of 100 U/ml IL-2, 100 ng/ml IL-15, or the indicated concentrations (nanograms per milliliter) of TGF-␤1. Cells were harvested after 2 days and subjected to 4-h 51 Cr release assays using CEM target cells. Results are expressed as the percentage of specific lysis. and activates phosphatidylinositol 3-kinase, similar to the signaling initiated by T cell costimulator molecules, CD28 (6, 34) . Indeed, NKG2D was shown to bind DAP-10, not DAP-12, in T cells and to function as a costimulator for T cell activation. Thus, depending on the associated adaptor molecules, NKG2D can function as an activating receptor or costimulatory receptor. By inhibiting NKG2D expression on T cells and NK cells, TGF-␤1 can function as a global immune suppressor that inhibits both innate and adaptive immunity.
At present, the molecular mechanism of NKG2D down-regulation is not clear. TGF-␤1 has been shown to induce apoptosis of both normal and cancer cells. In addition, cells treated with TGF-␤1 were shown to express less lytic moieties (18) . However, our data show that TGF-␤1-mediated impairment of NK cytotoxicity was not due to either increased apoptosis or decreased lytic moieties. These data suggest that TGF-␤1 inhibits NK cytotoxicity primarily by inhibiting the expression and signaling of NKG2D without affecting molecules involved in lytic pathway or apoptosis. Recently, it was shown that tumor cells can release the soluble form of MIC ligands, which can inhibit NKG2D function (35, 36) . Engagement of soluble MIC with NKG2D resulted in endocytosis and degradation of NKG2D. Our preliminary data also provide evidence that TGF-␤1 may partially regulate endocytosis and lysosomal degradation of NKG2D without affecting its mRNA level (data not shown). Therefore, in cancer patients, the function of NKG2D is severely affected by soluble MIC and TGF-␤1. It is possible that soluble MIC and TGF-␤1 may synergize to downmodulate NKG2D, thus more efficiently suppressing the NKG2D-mediated immune surveillance provided by NK and T cells.
Collectively, our data present the first evidence that secreted TGF-␤1 in cancer patients is responsible for impaired NK function by down-modulating surface NKG2D expression. Thus, blocking the function of TGF-␤1 and/or soluble MIC may provide the basis for a novel cancer immunotherapy to improve the function of T and NK cells. A, Purified NK cells were cultured in the presence or the absence of 100 U/ml IL-2, 100 ng/ml IL-15, or 5 ng/ml TGF-␤1 for 2 days. Cells were harvested, permeabilized, stained with anti-perforin or anti-Fas ligand mAb, and analyzed by FACS (x-axis, log 10 fluorescent intensity; y-axis, cell count). The dotted lines are negative controls; the solid lines are TGF-␤1-untreated cells; the bold lines are TGF-␤1-treated cells. B, Flow cytometric analysis using annexin V and PI was conducted on NK cells activated as described in A.
